Nitric oxide (NO) has been considered as an important bio-regulatory molecule in the physiological process. All the existing methods often employed for NO measurement are mainly indirect and not suitable for in vivo conditions. In this paper, we report a systematic study of electrocatalytic NO reduction by comparing the redox properties of NO at carbon microelectrodes functionalized by Fe, Mn and Co protoporphyrins. The mechanisms of electrocatalytic reduction of NO by different metalloporphyrins have been proposed and compared. In addition, by varying the metallic cores of the metalloporphyrins, NO exhibits voltammograms in which the cathodic peak current occur at different potential. A comparative study on the electrochemical behavior of each of these metalloporphyrin (as a result of varying the metallic core) has been performed and a possible mechanism for the observed behavior is proposed. The results confirmed the potential applicability of using metalloporphyrins modified electrodes for voltammetric NO detection.
Introduction
Nitric oxide (NO) is an important tiny molecule responsible for the proper functioning of numerous physiological processes. Although a thorough understanding of NO functions is not possible, its role in the activity of the endothelium-derived relaxing factor [1] , as a neurotransmitter [2] , preventing platelet aggregation [3] , and as a major defense molecule in immune cells against tumor cells and intracellular bacteria [4] has been well studied. The NO molecule has the tendency to form complexes readily with transition metal ions found in metalloproteins and heme-containing proteins. For example, it has been widely accepted that Cytochrome c has the ability to bind with NO and CO, but it is unable to form stable complexes with O 2 . Crystal structures of Cytochrome c indicates that CO forms a six-coordinate heme-carbonyl (6c-CO) complex on the distal heme face, whereas NO forms an unprecedented five-coordinate heme-nitrosyl (5c-NO) complex on the proximal heme face, replacing the endogenous C-terminal histidine ligand (His 120). This is an important observation that demonstrates steric hindrance is an important factor that influences the distal heme-NO interactions, while the switch from distal to proximal NO binding is governed by the rate of dinitrosyl formation [5] . The biochemical reduction of nitrite to ammonia that occurs in green plants is a six-electron, seven-proton process catalyzed by the nitrite reductase enzymes [6] . The catalytic reduction of nitrite proceeded via the formation of a siroheme-nitrosyl complex, which is the reduced form of ammonia.
Determination of NO has been the subject of interest in many extensive studies. Various methods, such as electron paramagnetic resonance, spectrophotometry and chemiluminescence have been developed for the detection of NO. However, until now, specific determination of NO in a biological sample has been a big challenge as NO is an unstable compound with a half-life time of about five seconds. Furthermore, it reacts rapidly with O 2 to form NO 2-and NO 3- . NO is electrochemically active and can be oxidized at positive potentials at the surface of a metallic, carbon or a carbon modified electrode. Direct NO detections have been attempted using bare or unmodified electrodes, but these platforms showed poor selectivity due to the interference of other electroactive species at a similar or closer potential. Functionalization of electrodes is a routine way to improve the sensitivity and selectivity of the electrocatalytic detection of NO. The electro oxidation of NO on micro-membranes such as bromophenol blue film, Nafion, cellulose acetate modified carbon, platinum, and gold electrodes have been reported [7] [8] [9] [10] . These functional thin layers allow selective permeation of NO towards the working electrode and discriminate the other interfering compounds. In addition, various interesting novel molecular materials are being extensively studied with the aim of investigating their role in the electrocatalytic reduction of nitrite, nitrosyl and NO in aqueous conditions. NO reduction can be electrocatalyzed in solution, and under anaerobic conditions by numerous transition metal complexes, such as iron phenanthroline, pyridine-EDTA complexes [11] and metal-substituted heteropolyanions [12] . In the past, several reports have described the use of electropolymerized metalloporphyrins as new electrode materials with the aim of investigating the electrocatalytic reduction or oxidation of nitrite, nitrosyl and nitric oxide in aqueous solutions [13] [14] [15] . Furthermore, the hydrogen atom present in the meso position can be replaced by other functional groups, thereby modifying the electron donor-acceptor capability [16] . These materials constitute potential molecular materials suitable for electrode surface modification to design new electrochemical micro-sensors for the detection and quantitative determination of NO. Kitajama et al. [17] transferred the reactivity of an iron porphyrin to the electrode-solution interface by incorporating the porphyrin into a thin polymeric film by oxidative electropolymerization. Younathan et al. [18] reported a pioneering study that involved the application of electropolymerized iron protoporphyrin films to model the activity of nitrite reductase enzymes. It was reported that the electropolymerized films of iron protoporphyrin (IX) dimethyl ester are effective catalysts for the electroreduction of HONO/NO 2- or NO to N 2 O, N 2 , N 2 OH and NH 3 . Water-soluble cobalt tetrakis (N-methyl-2-pyridyl) porphine [Co(2-TMPyP)] has been investigated for its catalytic behavior towards nitric oxide reduction [19] . The proximity of the N-methyl pyridinium group to the porphine ring has strong effects on the axial ligand coordination properties and the redox potential of metalloporphyrins [8, 9] . The presence of strong electron withdrawing substituents makes cobalt porphyrin, a robust catalyst for NO catalytic reduction. In many cases, the NO sensitive electrodes are made out of a thin carbon fiber coated with a polymeric nickel porphyrin and Nafion. In the present work, calculated NO concentration exhibited a linear relationship in the range of 1 nM-100 µM in physiological phosphate buffer solution (pH 7.4) [20] [21] [22] .
Most recently, we reported a study of electrochemical properties on a series of engineered metallo protoporphyrins and their reconstituted myoglobin, including Co, Mn and Ru substituted porphyrin [23] [24] [25] . In this paper, we will discuss a functional electrochemical biosensor using metalloporphyrins (Fe, Mn, Co protoporphyrin IX) modified microelectrodes for the measurement of NO. Results indicated that the electrocatalytic response of NO varies by varying the metal substituted protoporphyrin modified electrode. The electrochemical behaviors were compared with each other and a suitable mechanism has been proposed. In the present work, we specifically employ microelectrodes to study the NO redox reaction, because they offer extremely high sensitivity due to the high signalnoise ratio, enhanced mass transport and reduced ohmic drop.
In addition, the use of microelectrodes opens up the possibility of the electrochemical detection of NO in living cells and tissue cultures.
Experimental section

Chemicals
All solutions were prepared from analyticalgrade chemicals and triply distilled water. Phosphate-buffered saline solutions (PBS, 0.1M) of pH 4.5 and 7.2 were prepared with high purity salts without further purification. Mnprotoporphyrin IX and Co protoporphyrin IX were synthesized according to a procedure described previously [23] [24] [25] . Hemin was purchased form Aldrich.
Dimethylsulfoxide (DMSO), tetrabutylammonium tetrafluoroborate (TBABF 4 ) were of reagent grade and used as received. Nafion solution (4%) was purchased from Aldrich.
Microelectrode preparation
Briefly, a single carbon fiber of diameter 5 μm was attached to the stripped end of an insulated copper wire (diameter, 0.2 mm) using a silver conductive paste. The silver paste was allowed to dry, after which the free end of the copper wire was cannulated into a borosilicate glass capillary. The copper wire was fixed to the capillary using a fast drying epoxy resin. The capillary was then pulled using a micropipette puller. This pulling procedure resulted in two glass pipettes, one of which was discarded, and the other which holds the carbon fiber protruding from its tip will be employed for further experiments. The junction between the carbon fiber and capillary is sealed with a drop of the sealguard silicone and allowed to cure until it became firm. The protruding fiber was trimmed to a length of 2 mm (Figure 1 ). 
Experimental set-up
Cyclic voltammetric experiments were carried out in a three-electrode system at room temperature. The counter electrode was a platinum wire and an Ag|AgCl (saturated KCl) was used as the reference electrode. The electrochemical cell was covered with a Teflon covering and all the electrodes were inserted into the cell through the holes drilled on the Teflon cover. All electrochemical measurements were conducted inside a glove box designed for complete exclusion of oxygen.
The microelectrode designed as mentioned above was immersed in 1.0 M sulfuric acid for 5 min to pre-activate the electrode surface and thoroughly rinsed prior to use. Cyclic voltammetry was then performed using this microelectrode in DMSO + 0.1 M TBABF 4 /0.1 M metalloporphyrin solution. By performing the foretold cyclic voltammetry for ten consecutive cycles (cycling between -1.0 V to 0.35 V with a scan rate of 0.1 V/s) a uniform polymeric film of metalloporohyrin was casted onto the microelectrode surface. The electrode casted with the polymeric film was then taken out of the solution and rinsed with triply distilled water. Following this, the electrode was immersed in a cuvette containing 19µl of 0.5% (w/v) nafion/ethanol for a minute and then the electrode was taken out and allowed to dry in air.
Saturated NO solution was prepared as follows: About 10 ml of phosphate buffer (pH 7.0) was degassed by sonication under vacuum for 30 minutes. Following this, the headspace is replaced using nitrogen for 30 minutes to remove oxygen and transferred to a sample bottle with a silicon rubber stopper. NO was continuously purged into the deoxygenated buffer (approximately for an hour) until the buffer became saturated. NO saturated in the aqueous phase had an approximate concentration of 2.0 mM at 20 °C. This saturated solution is stable for 48 hours at 20 °C and was kept under NO atmosphere until use. Figure 2a represents the repetitive cyclic voltammetric response of a carbon fiber microelectrode in 0.1 M of the iron protoporphyrin IX chloride (hemin) in DMSO+0.1 M TBABF 4 solution (scan range from -1.0 V to 0.35 V). A pair of well-defined peaks that appears at Eeq = -0.28 V vs. Ag|AgCl during the first scan corresponds to the oxidation of Fe(II) to Fe(III) present in the porphyrin. A continuous increase in the amplitude of these cyclic voltammetric peaks during repetitive scans (within the reported potential range) confirmed the formation of a film on the electrode surface as a consequence of the anodic electropolymerization of the hemin. The effect of hemin concentration on the cyclic voltammetric response was studied after an open circuit delay of 2 min; the dependence of cathodic peak height (Ipc) with hemin concentration is shown in Figure 2b . From Figure 2b , it is apparent that the peak current value (Ipc) increases with increase in hemin concentration; however, no linear dependence is observed in the range (0-0.2 mM) investigated, owing to adsorption phenomena. After the completion of coating process, the electrode is rinsed using triply distilled water. Later, cyclic voltammetry was performed using this electrode in 0.1 M PBS buffer. In the resulting voltammogram, we noticed a pair of peaks at Epa = -0.27 V and Epc = -0.34 V that can be assigned oxidation of Fe(II) to Fe(III) and the reduction of Fe(III) to Fe(II) respectively (present in the polymeric porphyrin). Following this, the stability of the hemin film adsorbed on the microelectrode surface was examined. Next, the electrode was thoroughly rinsed with triply distilled water to remove the excess of adsorbed monomer (if any had been present). An intense colored layer was clearly visible on the electrode surface, indicating the strong adsorption of hemin on the microelectrode surface to impart a very compact and stable film. In this voltammogram, we noticed a pair of well-defined peaks appearing at Epa = -0.31 V and Epc = -0.40 V vs. Ag|AgCl. This corresponded to the reduction of Mn(III) to Mn(II) and its oxidation back to Mn(III) on the polymerized Mn-PP surface. Upon continuous cycling, a growth pattern is observed for Mn-PP (noticed only in basic solution) which clearly indicated the formation of a film on the surface of the electrode surface.
Results and discussion
Preparation and characterization of electrode films containing metalloporphyrins
However, the surface modification of the electrode was not successful in Co-PP, when the same technique was employed.
The cyclic voltammogram obtained using Co(III)-PP/Co(II)-PP in DMSO+ 0.1 M TBABF 4 solution at a carbon fiber electrode (not shown) with repetitive potential scans (from -1.5 V to 0.5 V) exhibited a formal potential at E 0 '= -0.10 V vs. Ag|AgCl corresponding to the reduction of Co (III)-PP/Co(II)-PP. The peak-to-peak separation of Co(III)-PP/Co(II)-PP redox reaction is approximately 550 mV, indicating a slow heterogeneous electron transfer rate as reported previously [25] . In addition, another reversible redox peak was witnessed (not shown) corresponding to the reduction of Co(II)-PP/Co(I)-PP at E 0' = -0.95 V vs. Ag|AgCl. However, the Co-PP film was not stable and washed off when rinsed using triply distilled water. When cyclic voltammetry was performed repetitively using this electrode in PBS, the voltammogram exhibited a marked decrease in the observed current magnitude. After several scans, the redox peak totally disappeared indicating the inability of Co-PP films to adhere strongly to the electrode surface. 
2. Cyclic voltammetry of NO at a bare carbon fiber microelectrode
NO can be easily oxidized to nitrite (NO 2-) and nitrate (NO 3- ). When cyclic voltammetry was performed in 100 μM NO in phosphate buffer (pH 7.0), we observed a voltammogram with two sharp electrochemically irreversible peaks at +0.85 V and +1.20 V respectively (Figure 3a) . The redox potentials of other species such as nitrite, nitrate and ascorbate are very similar to that of NO and this makes the NO detection a challenging task. In addition, not only can nitrite be oxidized at a similar potential as that of NO, but also NO oxidation can yield nitrite. As a result, the voltammetric technique (or the electrode) employed should not only be sensitive to the oxidation of both NO and the oxidation of nitrite. Further, to confirm their interference, cyclic voltammetry was performed using the microelectrode in sodium nitrite in pH 7.0 phosphate buffer.
In this experiment, we witnessed a totally irreversible oxidation peak (near +1.15 V) corresponding to the oxidation of nitrite.
Following this, the electrode was coated with a thin film of Nafion in order to stabilize nitrite and prevent its further oxidation to NO 3- . Next, cyclic voltammetry was performed using this nafion-coated electrode in the same NO solution. The resulting voltammograms shown in Figure 3a and Figure 3b exhibited a voltammetric peak at +0.85 V corresponding to NO oxidation and indicating the tendency of nafion film to completely mask the oxidation of nitrite. As a result, NO easily diffuse throughout the entire nafion film. In addition, the peak current that corresponded to NO oxidation increased with an increase in the solution concentration.
3.3.
Measurement of NO using metalloporphyrins modified carbon fiber microelectrodes As shown in Figure 4A (a), the cyclic voltammogram of iron protoporphyrin IX film in pH 7.4 PBS buffer solution exhibited a pair of peaks corresponding to the metal center pair Fe(III)/Fe(II). Furthermore, the peaks of the metal center pair disappeared upon the addition of saturated NO solution. A new cathodic and irreversible peak appeared at Epc = -0.82 V vs. Ag|AgCl ( Figure 4A (b) ). Earlier, Barley et al. [26] reported that the disappearance of the Fe (III)/Fe(II) redox peaks can be attributed to the complex formation of [Fe(III)] porphyrin and NO (for both dissolved iron porphyrins and surface polymerized porphyrins) [27] .
NO can react directly with the polymeric Fe(III) form of porphyrin to give the porphyrin-nitrosyl complex. The formation of Fe-porphyrin-nitrosyl complex was suggested to be governed by axial complex of the hemin. The appearance of the cathodic peak at Epc = -0.82 V can be attributed to the reduction of iron porphyrin-nitrosyl complex formed within the iron porphyrin film as depicted in Scheme A.
The formation of the iron nitrosyl-porphyrin complex, [Fe(III)(NO)] + is supported by absorption spectral changes observed at ITO coated electrodes [27] . A visible shift observed in the Soret band from R= 419 to 422 nm confirmed the formation of iron-nitrosyl-porphyrin complex. Furthermore, as an extension, the electrocatalytic reduction of nitric oxide and the activities of other metalloporphyrins became a topic of interest. Manganese porphyrins are ideal candidates for NO reduction and the redox chemistry of manganese and iron porphyrins were known to exhibit parallel properties. Diab et al. [28] and Su et al. [29] reported that the electrocatalytic reduction of NO by water-soluble manganese porphyrins (Mn(III)TMPyP) proceeds via a pathway different from that of iron porphyrins. The electrocatalytic reduction of NO by water-soluble manganese porphyrin proceeds through the pathway as shown in Scheme (B). The pathway involves an ECE mechanism, which initially involves the reduction of Mn(III)P, followed by NO coordination and finally the electro reduction of (NO)Mn(II)P. In the case of iron protoporphyrin IX, the iron(III) porphyrin is coordinated initially with NO and (NO)Fe(III)-PP is subsequently reduced at moderate potential to (NO)Fe(II)-PP. = -0.46 V corresponds to the redox reaction of Mn(III)-PP to Mn(II)-PP. In the presence of NO, the peak at -0.51 V disappeared while a new cathodic peak appeared at Epc = -0.85 V, which may be attributed to the reduction of (NO)Mn(II)PP. A calibration plot (as shown in Figure 4C ) is obtained by plotting the reduction peak current (observed by means of constant potential amperometry at a potential of -0.85 V) following successive additions of aliquots of saturated NO solution. From Figure 4C , it is evident that the peak current observed at -0.85 V increases linearly with increase in NO concentration (0.5 M-50 M).
Scheme (A):
In this work, we utilized cobalt protoporphyrin IX as an electrocatalyst for the reduction of nitrite. The Co-PP films modified on the microelectrode surfaces by means of electrochemical deposition could not adhere strongly on to the electrode surface. The films are not stable when they are rinsed with aqueous or organic solvents. As a result, the electrocatalytic reduction of NO by cobalt protoporphyrin was carried out in DMSO+0.1 M TBABF 4 solution containing Co-PP and saturated NO aqueous solution.
A pair of redox peaks corresponding to the redox reaction of Co(III)-PP/Co(II)-PP and Co(II)-PP/Co(I)-PP were observed in DMSO + 0.1 M TBABF 4 solution [25] . Upon the addition of saturated NO aqueous solution, a new irreversible reduction wave at Epc = -1.05 V grows up (not shown). This observed additional catalytic current is attributed to the reduction of NO or NO 2- . However, in the present study, it is impossible to account for a detailed mechanism describing the NO electrocatalytic reduction by cobalt proptoporphyrin IX, as the electro reduction mechanism in aqueous solution is totally different from that in organic solvent.
Conclusion
NO can be electrochemically detected either by its oxidation or reduction reaction. Our results indicated that the functional groups of metal reconstituted protoporphyrins are more efficient towards the catalytic reduction of NO. Our results have also confirmed the possibility of using metalloporphyrins as functional groups for the electrochemical biosensing of NO. Furthermore, in this paper, the mechanism corresponding to the electrocatalytic reduction of NO on Fe, Mn and Co protoporphyrin IX modified electrodes has been proposed and compared with one another. Results indicated that the electrodes modified with different metalloporphyrins exhibited different electrocatalytic reduction properties, which can be used for the development of highly sensitive and selective NO biosensors.
